We combined high resolution Fourier-transform spectroscopy and large scale electronic structure calculation to study energy and radiative properties of the high-lying (3) 1 Π and (5 (3) 1 Π and (5) 1 Σ + states were involved in a direct-potential-fit analysis performed in the framework of inverted perturbation approach. Quasi-relativistic ab initio calculations of the spin-allowed (3) 1 Π,(5)
I. INTRODUCTION
Accurate knowledge of energy and radiative properties of a high lying excited state of heavy polar alkali diatomic molecules is important for selecting the efficient optical routes for accessing so-called intermediate electronic states of the mixed singlet-triplet nature in oneor two-photon transitions [1, 2] ; besides, it provides an unambiguous test of the reliability of state-of-the-art ab initio electronic structure calculations [3] .
In particular, the RbCs molecule has been actively studied both theoretically and experimentally because of its successful employment for obtaining ultracold polar molecular species Refs [4] [5] [6] [7] [8] . At the same time the accurate empirical information on the higher electronic states of RbCs is still very scarce. To our best knowledge, the only electronic state approaching the atomic limit higher than 5 2 P(Rb)+6 2 S(Cs), which was studied experimentally with high resolution in broad enough range of vibrational v ′ and rotational J ′ levels, is the (4)
1 Σ + state [9, 10] (see, Fig. 1 ); this state appeared to be promising for two-step optical cycles to achieve ultracold RbCs in the absolute (v X = 0, J X = 0) ground state because of efficient transitions to the lowest electronic X 1 Σ + and a 3 Σ + states.
The information on other high-lying states of RbCs is fragmentary, since the main goal often was to use the subsequent laser induced fluorescence (LIF) to study the ground X 1 Σ + state. For instance, molecular constants (Dunham coefficients) and corresponding Rydberg-Klein-Rees (RKR) potentials for (2, 4, 5) 1 Π and (3,7)
1 Σ + states of RbCs have been obtained [11] by Fourier Transform Spectroscopy (FTS) method in the energy regions 20000 -22000 cm −1 and 13000 -15000 cm −1 . As far as high resolution FTS of LIF from highlying electronic states to the ground state is concerned, the main difficulties are often connected with the low probability of optical transitions due to a small transition electric dipole moment. In many cases even if a low probability transition may still be used to excite a high lying state, it is hopeless to convincingly detect dispersed LIF backwards to the ground X 1 Σ + state. Therefore, the alternative methods might be preferable, such as polarization labeling spectroscopy, two-photon optical transitions, or multi-photon ionization. Information on the (4) 1 Σ + , (3) 1 Π, (5) 1 Σ + , (6) 1 Σ + and (4) 3 Π states obtained from the high-resolution resonance-enhanced twophoton ionization (RE2PI) spectroscopy of RbCs in a molecular beam is contained in Refs. [12] [13] [14] [15] ; the spectroscopic data on (5) 1 Σ + and (3) 3 Π states can be found in Ref. [14] .
In the present study we suggest an alternative method to overcome weak LIF to the ground state: to replace the latter by the first excited state, namely by the LIF tran- sitions to the strongly mixed A(2) 1 Σ + ∼b(1) 3 Π system (see, Fig. 1 ). This opportunity has been made feasible by the recent high accuracy deperturbation analysis of the RbCs A ∼ b complex [16] , which allows one to reproduce the required rovibronic term values of the complex with the accuracy quite comparable with that of the ground state. We focused our study on the (3) 1 Π and (5) 1 Σ + states of RbCs with the purpose to obtain more detailed energy information needed to perform the direct-potential-fit (DPF) analysis of these states. We also performed ab initio calculations of potential energy curves (PECs) and transition dipole moments to estimate radiative properties of both states under study.
II. EXPERIMENT
In the experiment RbCs molecules were produced in the heat-pipe oven, which was loaded with 10g Cs and 5g Rb (natural mixture of isotopes) metals. Working temperature was 310
• C. For excitation the single mode ring dye laser Coherent 699-21 with Rhodamine 6G dye was used. Laser beam was sent into the heat-pipe and backward LIF spectra to the strongly mixed A 1 Σ + →A∼b fluorescence [16] . Fortunately, the (3) 1 Π →A∼b system is partially shifted from (4) 1 Σ + →A∼b system due to a different equilibrium internuclear distance of the upper state PECs. Thus, by monitoring in the expected range the (3) 1 Π →A∼b LIF signal in real time by means of FT spectrometer's Preview Mode at low resolution, it was possible to set the laser frequency in resonance with the (3)
transitions. An example of the recorded spectrum is shown in Fig. 2 . In this particular case an accidentally excited (4) 1 Σ + →A∼b system is strongly diminished, when compared with the strongest part of the (3) 1 Π →A∼b system in the range 6800 -7600 cm −1 . The LIF (5) 1 Σ + →A∼b is observed in the range 8400 -8800 cm −1 and is typically weaker than the (3)
1 Π →A∼b system, at least for two reasons. First, as one can see in Fig. 1 
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The rotationless U A (R) and U b0 (R) PECs of the mutually perturbed singlet and triplet states as well as the corresponding spin-orbit coupling ξ Ab0 (R) and the nonequidistant SO splitting A 01 (R) = A so (R) functions were borrowed from Ref. [16] . The resulting term values data set of the A∼b complex is provided in the Supplemented material [19] . The rotational assignment of the lines belonging to a particular LIF progression was performed in automatic regime with help of a homemade programme, which searched for the coincidences between calculated and observed rovibrational differences. Two criteria served as a test of the correctness of the assignment. First, the assigned transitions belonging to a particular progression should yield to a coinciding, within a given accuracy, upper state energy. Second, the excitation laser frequency should be in resonance, within Doppler broadening, with some calculated absorption transition from the ground state level. Moreover, all (4) 1 Σ + →A∼b transitions observed in the recorded LIF spectra were assigned too, and the obtained (4) 1 Σ + state term values were compared with the ones calculated by the empirical PEC from Ref. [10] . These tests unambiguously proved the reliability of the assigned procedure.
IV. DIRECT-POTENTIAL-FIT (DPF) ANALYSIS
The present experimental term values of the (3) 1 Π and (5) 1 Σ + states were incorporated, together with the preceding experimental data [13, 14] , in the DPF analysis performed in the framework of inverted perturbation approach [20] (IPA). The adjusted adiabatic potentials U IP A i (R) of both studied states were defined in the pointwise interpolated by the natural cubic splines on a finite interval of internuclear distance R. The required initial points were extracted from the corresponding "differencebased" potentials U db i (R) constructed by Eq. (7) as described in Section V.
In order to take into account the Λ-doubling effect in the (3) 1 Π state explicitly, the conventional effective (rotational) potential used in the iteration solution of the radial Schrödinger equation was modified as
where B(R) is given by Eq.(4) while Q(R) is the ab initio precomputed function of the internuclear distance:
The required potentials U ab i (R) and L-uncoupling electronic matrix elements L ab ij (R) between the (3) 1 Π and (1-5)
1 Σ + states were obtained during the electronic structure calculation described in Section V. The scaling parameter s in Eq. (5) apparently vanishes for the f -component of the (3) 1 Π state whereas for the ecomponent s is considered as the adjustable fitting parameter, which should be close to one.
V. ELECTRONIC STRUCTURE CALCULATION
The adiabatic PECs U ab i (R) for the i ∈(1-5)
1 Π states, along with a spin-allowed
, were calculated in the basis of spin-averaged electronic wavefunctions corresponding to pure (a) Hund's coupling case. To elucidate an origin of the Λ-doubling effect observed in the (3) 1 Π state the relevant angular coupling electronic matrix elements L ab ij (R) between the (3) 1 Π state and (1-5)
1 Σ + states were evaluated as well. All calculations were performed in the wide range of internuclear distance R ∈ [2.5, 25]Å by means of the MOLPRO program [21] .
Assuming that the originally calculated electronic energy weakly depends on the excitation energy, the Rdependent part of a systematic error in the original ab initio curves U ab i (R) was decreased for the excited states by means of a semi-empirical expression [22] :
where U emp X (R) is the highly accurate empirical PEC available for the ground X 1 Σ + state [23] of RbCs in a wide R-range. The tabulated
and L ab ij (R) functions could be found in the ASCII format in the Supplemented material [19] .
The details of the computational procedure can be found elsewhere [24] . Briefly, the inner core shell of both rubidium and cesium atoms was replaced by the shapeconsistent non-empirical effective core potentials [25] (ECP), leaving nine outer shells (eight sub-valence plus one valence) electrons for explicit treatment. The optimized molecular orbitals were constructed from the solutions of the state-averaged complete active space selfconsistent field (SA-CASSCF) problem for all 18 electrons on the lowest (1-10)
1 Σ + and (1-5) 1 Π electronic states taken with equal weights [26] . The dynamical correlation was introduced by internally contracted multireference configuration interaction (MR-CI) method [27] , which was applied for only two valence electrons keeping the 16 sub-valence electrons frozen. The corepolarization potentials [28] (CPPs) of both atoms were implemented in order to take into account for the pronounced core-valence correlation effects. The CPP cutoff radii (see Table I ) were adjusted to reproduce experimental non-relativistic energies [29] of the lowest excited Rb(5 2 P) and Cs(5 2 D) states, respectively. Figs. 3 and 4 ,respectively, as vertical columns of points (in red).
The resulting IPA PECs of both states are listed in Table II and depicted, along with the "difference-based" PECs, in Fig. 5 and Fig. 6 , respectively. The equilibrium parameters R e and T e of the present PECs are compared with the available literature data in Table III Fig. 7 ) some slight systematic shift about -0.003 cm −1 can be observed. The residuals for the (3) 1 Π state term values from Ref. [13] are presented in EPAPS [19] ; they are substantially larger in accordance with reported in with reported Ref. [13] experimental inaccuracy of 0.1 cm −1 . The vibrational quanta of the (3)
′ ≥ 14 levels (see the inset in Fig. 5 ) yielding a so-called "shelf" in the corresponding adiabatic PEC. Such a behaviour can be attributed to avoided-crossing effect caused by the local spin-orbit coupling with the nearby triplet (3) 3 Π state.
The residuals for the (5) 1 Σ + state also demonstrate high accuracy of the present IPA PEC which is, as expected, close to the preceding RKR potential from Ref. [14] (see the inset of Fig. 6 ). It should be mentioned however, that the RKR PEC [14] reproduces the experimental term values with substantially less accuracy, especially outside of the observed range of small J ′ -values; the corresponding figure is presented in the EPAPS [19] . It should be noted that the present FTS measurements significantly extend the range of experimental term values corresponding to high and intermediate rotational quantum numbers J ′ of both studied states. The range of observed vibrational levels was also expanded down to v ′ = 0 for the (3) 1 Π state and to v ′ = 1 for the (5) 1 Σ + state. In accordance with the second order perturbation theory, the observed e/f -splitting can be approximated as
where the experimental q expt -factor is weakly dependent on v ′ and J ′ values. Because of great statistical errors of q expt -values v ′ , J ′ -dependence can not be determined correctly from the present experiment. Averaging of all q expt data yields value about 2.6 × 10 −6 cm −1 . In the case of a regular perturbation [33] the ab initio evaluated Q(R) function (6) and the empirical parameter s = 1.0455 obtained during the present DPF analysis should be unambiguously related to the experimental qfactors due to the approximate sum rules [34] 
Indeed, Figure 9 demonstrates overall good agreement between the present measured q expt and calculated q calc values.
The value of the (3) 1 Π q-factor (≈ 2.6×10 −6 cm −1 ) appeared to be about 3-4 times larger than those estimated for the lower [35] (2) 1 Π and higher [22] (4) 1 Π lying states, namely: q (2) 1 Π ≈ 5.9 × 10 −7 and q (4) 1 Π ≈ 8.0 × 10
cm −1 . This difference could be attributed to the dominant contribution of the single (4) 1 Σ + state into the sum (6). Furthermore, both relations (8) and (9) are valid only for low-lying vibrational levels of the (3) 1 Π state since the Q(R) function has a singularity near the point R ≈ 4.2Å, where the repulsive walls of adiabatic (3) 1 Π and (4) 1 Σ + PECs are crossing each other (see Fig. 1 ). The present ab initio adiabatic PECs U ab i (R) and transition dipole moments d ab ij (R), see Section V, were used to estimate a radiative lifetime τ i of the upper (3) 1 Π and (5) 1 Σ + states along with their vibronic branching ratios R if into the lower-lying singlet state manifold. To avoid tedious summation over bound part and integration over continuum part of the vibrational spectra of the lower states we have used the approximate sum rule [34] .
where ∆U
is the difference of the ab initio PECs, while the corresponding vibrational wavefunctions |v
of the upper states were calculated using the present IPA potentials.
The resulting τ i and R if values for the (3) 1 Π and (5) 1 Σ + states are depicted in Fig. 10 and Fig. 11 , respectively. The calculated radiative lifetimes of both states rapidly decrease as the vibrational quantum number v ′ increases. The τ -values predicted for the vibrational levels of the (5) 1 Σ + state are about 5-6 times smaller than those for the rather long living (3) 1 Π state. According to the calculations the dominant decay channel for both i ∈ [ (5) 1 Σ + ; (3) 1 Π] states is the optical transition to the lower A 1 Σ + state (see Fig. 10 and Fig. 11 ) due to a large value of the relevant spin-allowed dipole moments (see EPAPS [19] ). The contribution of the (5) 1 Σ + ;(3) 1 Π →B 1 Π transitions into the total decay does not exceed 30% while all other states (including the lowest ground state) contribute almost nothing. These estimates explain the fact that during the present LIF experiments we were not able to observe, except a few cases, very week (3) lated according to the relation:
where φ calc with their experimental counterparts I expt is presented in Fig. 12 and Fig. 13 . The observed and calculated intensities agree well enough, thus demonstrating the reliability of the performed analysis.
VII. CONCLUSIONS
We have demonstrated that the well-established perturbed levels of the singlet-triplet A 1 Σ + ∼ b 3 Π complex of the RbCs molecule can be successfully used for unambiguous rotational assignment of the high resolution FTS LIF progressions originating from the highly excited electronic states. The experimental rovibronic term values of the (3) 1 Π and (5) 1 Σ + states were determined in a wide range of the rotational quantum number J ′ . The range of observed vibrational levels was expanded down to v ′ = 0 for (3) 1 Π state and v ′ = 1 for (5) 1 Σ + state. The obtained data were involved, together with the preceding term values [13, 14] , in a direct-potential-fit analysis performed in the framework of inverted perturbation approach. The simulated intensity distributions in the observed LIF progressions are found to be remarkably close to their experimental counterparts. A good agreement between the experimental and calculated q−factors validates the unique perturber approximation [33] for the (3) 1 Π state. Based on the ab initio transition dipole moments estimate of lifetimes and vibronic branching ratios confirms a dominant contribution of (5) 1 Σ + →A 1 Σ + and (3) 1 Π →A 1 Σ + transitions into total radiative decay of the both upper states. .
